More than ever, clinicians need regularly updated reviews given the continuously increasing amount of new information regarding innovative cervical cancer prevention methods. A summary is given from recent meta-analyses and systematic reviews on 3 possible clinical applications of human papillomavirus (HPV) testing: triage of women with equivocal or low-grade cytologic abnormalities; prediction of the therapeutic outcome after treatment of cervical intraepithelial neoplasia (CIN) lesions, and last not but not least, primary screening for cervical cancer and pre-cancer. Consistent evidence is available indicating that HPV-triage with the Hybrid Capture ® 2 assay (Qiagen Gaithersburg, Inc., MD, USA [previously Digene Corp.] (HC2) is more accurate (higher sensitivity, similar specificity) than repeat cytology to triage women with equivocal Pap smear results. Several other tests show at least similar accuracy but mRNA testing with the APTIMA ® (Gen-Probe Inc., San Diego, CA, USA) test is similarly sensitive but more specific compared to HC2. In triage of low-grade squamous intraepithelial lesions (LSIL), HC2 is more sensitive but its specificity is substantially lower compared to repeat cytology. The APTIMA ® test is more specific than HC2 without showing a loss in sensitivity. Identification of DNA of HPV types 16 and/or 18, or RNA from the five most carcinogenic HPV types allow selecting women at highest risk for CIN3+ but the sensitivity and negative predictive value of these markers are lower than full-range high-risk HPV (hrHPV) testing. After conservative treatment of cervical pre-cancer, HPV testing picks up more quickly, with higher sensitivity and not lower specificity, residual or recurrent high-grade CIN than follow-up cytology. Primary screening for hrHPV generally detects more CIN2, CIN3 or cancer compared to cytology at cut-off atypical squamous cells of undetermined significance (ASC-US) or LSIL, but is less specific. Combined HPV and cytology screening provides a further small gain in sensitivity at the expense of a considerable loss in specificity if positive by either test is referred to colposcopy, in comparison with HPV testing only. Randomised trials and follow-up of cohort studies consistently demonstrate a significantly lower cumulative incidence of CIN3+ and even of cancer, in women aged 30 years or older, who were at enrollment hrHPV DNA negative compared to those who were cytologically negative. The difference in cumulative risk of CIN3+ or cancer for double negative (cytology & HPV) versus only HPV-negative women is small. HC2, GP5+/6+ PCR (polymerase chain reaction), cobas ® 4800 PCR (Roche Molecular Systems Inc., Alameda, CA, USA) and Real Time PCR (Abbott Molecular, Des Plaines, IL, USA) can be considered as clinically validated for use in primary screening. The loss in specificity associated with primary HPV-based screening can be compensated by appropriate algorithms involving reflex cytology and/or HPV genotyping for HPV16 or 18. There exists a substantial evidence base to support that HPV testing is advantageous both in triage of women with equivocal abnormal cytology, in surveillance after treatment of CIN lesions and in primary screening of women aged 30 years or older. However, the possible advantages offered by HPV-based screening require a well organised program with good compliance with screening and triage policies.
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Introduction
The recognition of the strong causal relationship between persistent cervical infection with high-risk human papillomavirus (HPV) types and occurrence of cervical cancer [1] has led to the development of a series of HPV DNA or RNA tests. Detection of high-risk (hr) HPV DNA is considered to be potentially useful in three clinical applications: (1) as a triage test to select women, whose cytology is equivocal or mildly abnormal, needing referral for diagnosis and treatment; (2) as a follow-up test for women treated for high-grade cervical intraepithelial neoplasia (CIN) with local ablative or excisional therapy to predict cure or failure of treatment; and (3) as a primary screening test, solely or in combination with cervical cytology to detect cervical precancer and to rule it out in the predominantly healthy population.
In this chapter, we will update and extend previously conducted meta-analyses and systematic reviews which synthesize current knowledge on the performance of HPV testing in each of these three clinical applications. In particular, attention is given on the evidence regarding HPV-based primary screening as a new paradigm of cervical cancer prevention and on the identification of HPV assays, which fulfil minimal requirements, allowing use in primary cervical cancer screening.
Material and methods
For the purpose of this paper, previous meta-analyses on the absolute and relative performance of HPV-and cytology-based testing of cervical specimens were extended and updated [2] . New HPV-related assays, in addition to the Hybrid Capture ® 2 (Qiagen Gaithersburg, Inc., MD, USA [previously Digene Corp.] (HC2), were evaluated as well, including both other HPV DNA assays and E6/E7 mRNA essays. Three major clinical applications were distinguished: (1) triage of women with a cervical cytology of atypical squamous cells of undetermined significance (ASC-US) or low-grade squamous intraepithelial lesions (LSIL); (2) follow-up of women after treatment of a high-grade lesion with the purpose to predict cure or failure; and (3) primary cervical cancer screening. The search strings, consulted bibliographic sources and the last date of literature retrieval are presented in Appendix 1 (web table).
Triage of women with minor abnormal cytology
The current review evaluated the accuracy of the HC2 assay for underlying CIN2+ and CIN3+ among women with ASC-US or LSIL cervical cytology. In studies where a repeat Pap smear was taken as well, the relative sensitivity and specificity of HC2 versus repeat cytology were evaluated, considering ASC-US or worse as a positive repeat cytology. Reports were included only when verification with a reference standard was available based on colposcopy followed by biopsies for all tested women. The outcome was based on the histology result, when available, accepting negative colposcopy, despite its known less-than-perfect sensitivity, as sufficient ascertainment for absence of the target disease. We also evaluated the accuracy of other HPV tests, as well as their relative accuracy compared to HC2.
Follow-up after treatment of high-grade CIN
Studies were selected if (1) women were treated for histologically-confirmed CIN2 or CIN3; (2) women had a cytology and HPV DNA test between 3 and 9 months after treatment; (3) there was follow-up during at least 18 months with colposcopy and biopsy for all women or in case of a positive HPV or cytology test. Treatment failure was defined as follow-up histologic diagnosis of CIN2+.
Primary screening
Criteria for inclusion of reports have been published previously [2, 3] . Two types of study design were considered: (1) crosssectional studies where women were submitted to concomitant testing with cervical cytology (conventional or liquid), a HPV DNA assay and, optionally, other screening tests and (2) randomised clinical trials where women were assigned to cytology, HPV testing or combined testing. In the assessment of absolute sensitivity and specificity, we distinguished three situations: (1) all cases were verified with a reference standard, (2) only screen test positive cases were verified and the assumption was made that none of the women being negative for all tests had underlying CIN2+ and (3) studies in which a random sample of women being negative for all tests was also submitted to verification. For the evaluation of relative sensitivity, we considered the ratio of absolute sensitivities including intra-arm comparisons of randomised trials with combined cytology and HPV testing and the ratio of the detection rates of CIN2+ from the inter-arm comparison of randomised controlled trials. Studies were selected only when the participating women were representative of the general population.
Particular attention was given to the pooling of published aggregated data regarding the baseline and longitudinal outcomes from randomised trials, as well as the cumulative risk for CIN3 and cancer according to the baseline HPV and cytology status observed from non-randomised cohorts.
The review also addressed the question of which high-risk (hrHPV) DNA assays fulfill clinical equivalency criteria recently established to allow claims for use in cervical cancer screening. The candidate test should demonstrate a relative sensitivity and specificity compared to a validated hrHPV DNA test (HC2 or GP5+/6+ polymerase chain reaction [PCR]) of ≥0.90 and ≥0.98, respectively [4] . A representative set of samples (minimally 60 CIN2+ cases, 800 ≤CIN1 cases) derived from a population-based screening cohort should be selected, as specified by Meijer CJLM et al. [4] . Moreover, a high reproducibility (lower 95% confidence bound ≥87%) should be reached. Fig. 1 . Meta-analysis of the sensitivity and specificity of virologic or cytologic surveillance after treatment of high-grade CIN to predict treatment failure (defined as residual or recurrent CIN2 or worse within 24 months). Orange: hrHPV testing with HC2 or PCR; Grey: cytology. Small hollow symbols represent individual studies. The large filled symbols correspond with the summary accuracy estimates for testing around 6 months after treatment with HPV (orange circle) or cytology (grey square), respectively. The full curve represents the HSROC curve and the interrupted line delineates the 95% confidence ellipse around the summary accurate estimates. CIN: Cervical intraepithelial neoplasia; HC2: Hybrid Capture ® 2; hrHPV: High-risk human papillomavirus; HSROC curve: Hierarchical summary receiver-operating characteristic curve; PCR: Polymerase chain reaction. studies, the pooled sensitivity of HC2 was significantly higher than that of repeat cytology at cut-off ASC-US+ to detect CIN2+ (relative sensitivity: 1.27 (95% CI: 1.16-1.39)). The pooled specificity of both triage methods did not differ significantly from each other (relative specificity: 0.99, 95% CI: 0.97-1.03). HC2 also detected more CIN3+ than repeat cytology (relative sensitivity: 1.14, 95% CI: 1.06-1.22). Other HPV tests were evaluated for use in triage of ASC-US in recent studies and the pooled absolute accuracy, as well as the relative accuracy compared to the HC2 assay for CIN2+, are shown in Table 2 . In general, subtle differences in sensitivity and specificity are observed between most hrHPV DNA tests or high-risk panels of full-range HPV genotyping tests and the HC2. However, from a recent meta-analysis, it was concluded that testing for viral RNA of 14 hrHPV types (APTIMA ® [Gen-Probe Inc., San Diego, CA, USA]) was as sensitive but more specific for identifying CIN2+ compared to HC2 (specificity ratio of 1.19 (95% CI: 1.08-1.37)) [5] . Moreover, the PreTect TM HPV-Proofer (developed by NorChip/BioMérieux Inc., Klokkarstua, Hurum, Norway) (detecting RNA of HPV16, 18, 31, 33 and 45) and tests identifying DNA of HPV16 and/or 18 show significantly lower sensitivity but higher specificity compared to HC2.
Results

3
LSIL
In the 24 retrieved studies (web table liststudies.xls-LSILtriage), the pooled absolute sensitivity of HC2 was 95.4% (95% CI: 94.0-96.5%) and 96.4% (95% CI: 90.5-98.7%), whereas the pooled specificity was 27.8% (95% CI: 23.8-32.1%) and 23.7% (95% CI: 19.4-28.7%) for the outcomes of CIN2+ and CIN3+, respectively (see Table 1 ). In six of 24 studies allowing assessment of the accuracy of HC2 in triage of LSIL, a repeat smear was also taken. In these six studies, the pooled sensitivity of HC2 was significantly higher than that of repeat cytology at cut-off of ASC-US+ (ratio of 1.23; 95% CI: 1.06-1.4). However the specificity of HC2 testing was substantially and significantly lower (ratio of 0.66; 95% CI: 0.58-0.75). Table 2 Left: absolute pooled sensitivity and specificity of HPV DNA or RNA testing in triage of women with ASC-US or LSIL to find underlying CIN2+. Right: relative sensitivity and specificity compared to HC2.
Absolute accuracy
Relative accuracy compared to HC2 As for HC2, the sensitivity of most other general hrHPV DNA tests is high (>90% for high-grade CIN) in LSIL triage, whereas the specificity is low (up to 30% lower compared to ASC-US triage) (see lower panel of Table 2 ). However, testing for viral RNA with APTIMA ® is significantly more specific than HC2 (ratio of 1.37; 95% CI: 1.22-1.54) without losing sensitivity (ratio of 0.96 for CIN2+ and 0.98 for CIN3+ with 95% CIs including unity for both outcomes) [5] . Again, as with ASC-US triage, genotyping for a limited number of types is much more specific, but at the expense of a substantial loss in sensitivity.
Follow-up after treatment of high-grade CIN
Fifteen studies could be included (eight with HC2 and seven with PCR) that contained data on the accuracy of hrHPV DNA testing and cytology to predict residual or recurrent CIN2+ after treatment (web table liststudies.xls-postTrFU). The pooled sensitivity was 93% (95% CI: 85-97%) for HPV and 72% (95% CI: 66-78%) for cytology (see Figs. 1 and 2 and Table 1 ). The pooled specificities were 81% (95% CI: 74-86%) and 84% (95% CI: 80-87%), for HPV and cytology, respectively. HPV testing was significantly more sensitive (ratio of 1.25; 95% Fig. 2 ). There was no heterogeneity by HPV testing system. Combined testing with cytology and HPV was not significantly more sensitive but significantly less specific than HPV alone (relative sensitivity 1.07, 95% CI: 0.97-1.16; relative specificity 0.91, 95% CI: 0.88-0.94).
Primary screening for cervical (pre-)cancer
Cross-sectional accuracy
The updated meta-analysis of the cross-sectional accuracy of HPV tests contains data from 49 studies, among which 8 are randomised trials (web table liststudies.xls-screening). In the large majority of studies, the HC2 or GP5+/6+ PCR were used. Since the last couple of years data were published on the performance of HPV-based screening with other HPV DNA or RNA detection systems ( 3.3.1.1. Absolute cross-sectional accuracy of HPV testing. Overall, the sensitivity of HC2 (at standard conditions: relative light unit [RLU]≥1) for detecting underlying CIN2+ and CIN3+ was 90% (95% CI: 88-93%) and 95% (95% CI: 93-97%), respectively ( Fig. 3 and Table 1 ). The heterogeneity in the sensitivity was very large in studies conducted in developing countries (probably due to the variability in the quality of colposcopy and histology verification) [2] . The inter-study variation was substantially reduced in studies conducted in industrialised countries and was even non-significant in Chinese studies, in which an improved gold standard with multiple (random) biopsies was applied (Fig. 3) .
In European and North American studies, the pooled sensitivity for CIN2+ was 96% (95% CI: 95-98%), whereas the pooled specificity was 91% (95% CI: 90-93%). The accuracy values of HC2 for CIN3+ were similar to those for CIN2+. Ten percent (95% CI: 8-12%) of the screened population was hrHPV-positive and 1.5% (95% CI: 1.1-1.9%) and 1.1% (95% CI: 0.8-1.3%) had CIN2+ or CIN3+, respectively.
The sensitivity of other HPV assays evaluated in primary screening was consistently high for detection of CIN3+ (in general > 92%, except careHPV TM , at 87%). The specificity of these other tests varied between 86% and 92%.
3.3.1.2. Relative cross-sectional accuracy. The sensitivity of HC2 (at standard cut-off = 1 pg/mL) was on average 23-43% higher than cytology, depending on the disease threshold (CIN2+ or CIN3+) or the cytologic cut-off (ASC-US or LSIL) (see Table 3 ). The specificity of HC2 for excluding CIN2+ was significantly lower than cytology: ratio of 0.97 (95% CI: 0.96-0.98) and 0.92 (95% CI: 0.90-0.94), considering the cut-offs ASC-US+ or LSIL+, respectively.
The combination of cytology with HC2 was, on average, 42% (95% CI: 36-48%) and 33% (95% CI: 29-37%) higher for the detection of CIN2+ or CIN 3+, respectively, than cytology alone (at cut-off ASC-US+), whereas the specificity was 6% (95% CI: 6-7%) and 8% (95% CI: 7-9%) lower. In contrast, adding cytology to the HC2 increased the average sensitivity with only 5% (95% CI: 4-7%) for CIN2+ and 2% (95% CI: 1-3%) for CIN3+ compared to HPV testing alone; however, this resulted in a significant loss of specificity (ratios of 0.95; 95% CI: 0.94-0.96 and 0.93; 95% CI: 0.92-0.95, respectively).
The number of studies evaluating other tests than HC2 is still rather small (Fig. 4) [6] . Most of them showed a significantly higher sensitivity than cytology to detect high-grade CIN (ratios varying between 1.22 and 1.77), with the exception of certain older PCR systems targeting L1 sequences (Table 3 ). The specificity of most HPV assays was lower than cytology, although the difference was not always significant. PreTect TM and certain older L1 PCR systems showed a specificity similar to cytology. The relative sensitivity and specificity of several HPV assays (GP5+/6+ PCR, careHPV TM , cobas ® 4800, Abbott RT PCR, PapilloCheck ® , APTIMA ® , Cervista ® ) compared to HC2 is displayed in Table 4 . The 95% CIs around the accuracy measures always included unity at the exception of APTIMA, which was on average more specific for CIN2+ than HC2 (ratio of 1.07; 95% CI: 1.05-1.08).
3.3.1.3. Relative accuracy of screening with HPV testing, cytology and the combination of both tests estimated from baseline results in randomised trials. The characteristics and baseline results from eight randomised trials comparing accuracy for high-grade CIN of screening with cytology, hrHV testing or the combination of both have been published some years ago [7] [8] [9] [10] [11] [12] [13] [14] . Fig. 5 summarises the relative sensitivity for CIN2+ (or detection rate ratio [DR ratio]) in the eight trials, of HPV-versus cytology-based screening in the trials, grouped by cytology method and by developing versus industrialised countries. HPV-based screening showed consistently and significantly higher sensitivity for CIN2+ than conventional cytology in the industrialised countries (ratio of 1.39; 95% CI: 1.23-1.57, p for inter-study heterogeneity = 0.57). No higher sensitivity was observed in the Indian trial [8] and in the ARTISTIC trial [14] . Possible reasons for the lack of higher sensitivity could be attributed to reference standard misclassification in the Indian trial, and over-diagnosis of lesions detected by liquidbased cytology and incomplete follow-up of HPV-positive women [15] .
The pooled DR ratio, considering CIN3+ as outcome, was slightly lower than for CIN2+ (1.28; 95% CI: 1.09-1.51). In all of the European trials, hrHPV screening detected more CIN3+ than conventional cytology. However, this was significant only in the second phase of the Italian NTCC study (RR: 2.06; 95% CI: 1.16-3.68) [12] (Fig. 5) . In all trials, with an experimental arm with combined screening, adding cytology to hrHPV testing yielded only a minor and statistically insignificant increase in sensitivity (pooled DR ratios of 1.06 [95% CI: 0.97-1.16] and 1.04 [95% CI: 0.92-1.17] for CIN2+ and CIN3+, respectively) (Fig. 6 ).
Longitudinal outcomes of RCTs
3.3.2.1. Reduction in CIN3+ and cancer observed in the second screening round. For four trials, results of the second screening round were published. Despite different policies of follow-up of screen-positive women, a remarkably consistent reduction of CIN3+ lesions was found among women who had an HPV-negative result versus those who had a negative cytology at enrollment (DR ratio of 0.43; 95% CI: 0.33-0.56) (Fig. 7) [11, 14, 17, 18] . In addition, in three trials, the detection rate of invasive cancer at round 2 was significantly lower among women who were HPV-negative at initial screening (DR ratio of 0.13; 95% CI: 0.04-0.44) [11, 17, 18] .
The Indian screening trial did not involve subsequent screening rounds but consisted in passive follow-up through routine cancer registration after a once-in-a-lifetime screening. A statistically Table 4 Relative accuracy of other HPV tests compared to the HC2 assay (at RLU≥1) to find underlying CIN2 or CIN3 or worse in primary screening. [19] . No significant reductions were observed in the study arms where cytology or VIA screening were applied.
3.3.2.2. Over-diagnosis of regressive lesions. Over-diagnosis can be assessed from differences between screening arms in the amount of high-grade CIN detected over successive screening rounds. The only study that applied HPV testing at the second screening round, POBASCAM, did not observe a difference between study arms in the detection of CIN2+ and CIN3+ over the first two rounds, but observed an excess of CIN2 in the HPV arm (ratio vs cytology group 1.33; 95% CI: 1.06-1.68) [20] . HPV testing was also used, however, in controls at the second round, allowing a more unbiased estimation of over-diagnosis. Several other European randomised controlled trials applied cytology at the second round. The Swedescreen trial found no difference concerning CIN3+ (ratio HPV vs. cytology group 1.04, p = 0.20) but some excess of CIN2 in the HPV arm (ratio 1.56, p = 0.04) [11] . In ARTISTIC, the ratio was 1.18 (95% CI: 0.90-1.55) for CIN2 and 0.85 (95% CI: 0.67-1.08) for CIN3+ [16] . NTCC found larger increases in the HPV group. Among women aged 35-60 years at recruitment, the HPV vs. cytology ratio was 1.65 (95% CI: 1.21-2.26) for CIN3 and 1.68 (95% CI: 1.25-2.26) for CIN2 [17] . The increase was larger among younger women (age 25-34 years at recruitment). The HPV vs. cytology ratio was 2.14 (95% CI: 1.28-3.59) for CIN3 in phase 2 of NTCC (the ratio was 0.99; 95% CI: 0.61-1.65 in phase 1, which did not show earlier detection of CIN3). For CIN2, the ratio was 3.11 (95% CI: 2.20-4.39) for both phases pooled. However, similar (statistically significant) values were observed in both phases, i.e., with direct referral and with cytologic triage.
The difference between the Swedish and Italian trials could be explained either by greater over-diagnosis with direct referral (second phase Italian trial) than with triage (triage by cytology + type-specific HPV persistence in Swedescreen), by larger lead time gain with direct referral than with cytologic triage or, most plausibly, by both. The large ratio (>3) observed for CIN2 below age 35 in the Italian study strongly suggests that HPV screening in younger women leads to serious over-diagnosis of regressive CIN2 [17] . Fig. 8 shows the cumulative risk to develop CIN3+ in the next 5 years according to the initial combined HPV and cytology status (pooled from five European and two American screening cohorts) [21] [22] [23] . The risk is very low for HPV-negative women (0.2% and 1.2%, for women without or with cytologic abnormalities, respectively). However, for women who were hrHPV positive, this risk was substantially higher: 6% or 17%, for women without or with ASC-US or worse cytology at baseline, respectively. The Portland study also provided outcomes regarding the risk of developing CIN3+ over 10 years in a population screened by cytology only, where hrHPV testing was performed at baseline: 10.2% (if ASC-US+), 6.9% (if hrHPV+), 6.8% (if hrHPV+ or ASC-US+), 1.4% (if cytology-negative), 0.9% (if hrHPV-negative) and 0.8% (if negative for both cytology and hrHPV) [23] . In the KaiserPermanente cohort, where women of 30 years or older were screened by cytology and HC2, the 5-year cumulative incidence of invasive cervical cancer was: 0.90% if positive for both hrHPV and cytology, 0.54% if hrHPV positive and cytology-negative, 0.16% if hrHPV-negative and cytology positive and 0.016% if negative for both [22] .
Longitudinal outcomes of cohort studies
Clinical validation for use in screening
Three hrHPV DNA tests (cobas ® 4800, Abbott RT hrHPV PCR and Papillocheck ® ) have been evaluated clinically with the purpose of use in primary screening according the equivalence criteria of Meijer CJLM et al. [4, [24] [25] [26] [27] . All the three tests fulfilled minimal requirements regarding relative sensitivity or specificity compared to HC2 or GP5+/6+ PCR ( Table 5 ). The reproducibility (hrHPV positive/negative) using cobas ® 4800 and Abbott RT PCR largely exceeded the required cut-off but was not documented for Papillocheck ® .
The topic of HPV screening in developing countries and HPV testing using samples collected by the woman is discussed by Cuzick J et al., Vaccine, this issue [28] . Fig. 7 . Meta-analysis of the main outcomes from randomised trials comparing HPV-and cytology-based cervical cancer screening. Relative detection rate of CIN3+ (left panel) and cervical cancer (right panel), observed in the second screening round among women who were HPV-negative versus cytology-negative at enrolment. See web table liststudies.xls-screening for publication information. CI: Confidence interval; CIN: Cervical intraepithelial neoplasia; DRR: Detection rate ratio; I 2 : the percentage of total variation across studies due to heterogeneity; p: test for inter-study heterogeneity. 
Discussion
In this paper, a large body of data from clinical trials has been synthesised. Systematic assessment of the evidence base is an essential step for developing practice guidelines.
Triage of women with minor abnormal cytology
Testing with the HC2 assay has been shown to be an efficient triage tool for ASC-US cytology in the framework of cytologybased screening [29] and has been widely implemented in clinical practice. The updated meta-analysis corroborates the conclusions from previous reviews indicating better performance of HC2 to triage women with ASC-US (higher sensitivity, similar specificity) compared to repeat cytology [30] . New findings concern the accuracy of other tests, for which we propose the following thumb rule allowing their use in triage of equivocal cytology: a) clinical sensitivity of at least 90% for CIN2+ with relative sensitivity vs. HC2 not significantly lower than unity and a lower CI not lower than 0.90; b) relative specificity not significantly below unity with a lower CI not below 0.95. Abbott RT PCR, Papillocheck ® , Cervista ® and APTIMA ® fulfil these criteria. However, it should be recognised that the specificity for excluding high-grade CIN2 (in the range 40-60% and consequently also the positive predictive value (range 20-30% for CIN2+, range 10-15% for CIN3+)) is not optimal, allowing for the use of more specific markers, such as genotyping for HPV16 and 18 or RNA testing for 5 types. Being positive for such markers allows identification of women at the highest risk (PPV for CIN2+ > 30%) warranting more intensive follow-up. However, women testing negative for these markers cannot be referred back to routine screening but require further follow-up. Interestingly, a recent meta-analysis showed that triage of ASC-US with p16INK4a immunocytochemistry was not less sensitive but was substantially more specific for identifying CIN2+ compared to HC2 (specificity ratio of 1.82 [95% CI: 1.57-2.12]) [31] .
The findings on triage of women with LSIL are different from previous meta-analyses, which concluded that triage with HC2 was not more sensitive but substantially less specific than repeat cytology [2] . Based on those previous findings, HC2 was not recommended to manage women with low-grade cytologic lesions in European or American guidelines [32, 33] . In the current review, significantly higher sensitivity of HC2 for CIN2+ and CIN3+ was demonstrated. This new finding could justify recommending the use of HC2 or other hrHPV DNA assays to decide whether women need referral to colposcopy. However, the high prevalence of hrHPV DNA among women with LSIL limits its utility for triage for this cytology category [29] . Therefore, the trade-off to use hrHPV tests in LSIL management should be based on local cost-effectiveness analyses, the local prevalence of HPV in LSIL and compliance of women with follow-up recommendations. In the USA, adult women with LSIL are referred directly to colposcopy [33] . If colposcopy and/or biopsy are normal or only reveal CIN1, an HPV test at 12 months or two repeat smears after the initial LSIL smear are recommended. Postponing triage is another option, allowing viral clearance, which over a period of 6 to 12 months can vary from 18-45% [34] and which reduces the need for colposcopy. hrHPV DNA testing certainly is not useful in young women (<25 years) with LSIL, given the very high prevalence of HPV infection and the very high probability of regression unrelated to initial HPV status [35] . HPV triage in older women, using a higher viral load cut-off, might be an acceptable management option, but more age-specific accuracy data are needed to define the exact age cut-off. In the Table 5 Clinical validation of HPV DNA assays for use in primary cervical cancer screening: sensitivity and specificity of the assay to identify CIN2+ lesions compared to HC2 or GP5+/6+ PCR, reproducibility of hrHPV DNA detection (as proposed by Meijer CJLM et al. [4] USA, LSIL triage with hrHPV testing is only recommended for postmenopausal women [36] . A recent meta-analysis revealed that the APTIMA ® test showed similar sensitivity but higher specificity compared to HC2 [5] . HPV DNA genotyping for types 16 and 18, mRNA testing for 5 types, and p16INK4a and p16/Ki67 immunochemistry [31] show substantially higher specificity than hrHPV DNA assays but are less sensitive. These methods may be considered in a two-step management strategy, with referral and repeat testing in triage-positive and triage-negative women, respectively.
Follow-up after treatment of high-grade CIN
Women treated for cervical precancer must be followed carefully in order to monitor possible recurrence. The rate of residual or recurrent high-grade CIN, evaluated over 2 years or less, varied in the 15 included studies from 4-18%, with an average of 8%. The risk of recurrent CIN2+ is higher in women older than 50 years [37] , which is consistent with the observation that viral persistence increases with age [38] . Recently, pooled long-term follow-up data indicate that women having been treated for CIN are still at increased risk for subsequent invasive cervical cancer compared to the general population, during at least 10 years and maybe up to 20 years after treatment [39] . Finding an indicator that predicts successful outcome, allowing shortening of the follow-up period, would be particularly helpful. Currently available data suggest that HPV testing picks up residual disease quicker and with higher sensitivity and similar specificity compared to follow-up cytology or the histological assessment of the section margins. Only one study addressed the predictive value of consecutive testing for an outcome over 10 years [40] . One negative test at 6 months after treatment resulted in a 10-year risk of CIN3+ of 2.1% (if hrHPV-negative), 2.8% (if cytology-negative) and 1.4% (if combined hrHPV-and cytology-negative). Three consecutive negative cytology results (6, 12 and 24 months) or two negative co-tests (HPV-negative and cytology-negative, at 6 months and 12 months) were associated with a low risk of residual CIN3+ of 0.7% and 0.0%, respectively, which was not different from the general population. On the other side, one positive test at 6 months increased the risk of CIN3+ dramatically: 29%, 13% and 23%, if hrHPV-positive, cytology ASC-US+, or one of both tests positive, respectively [40] .
Primary screening for cervical (pre-)cancer
The updated meta-analyses confirm that hrHPV testing is substantially more sensitive than cytology in identifying underlying CIN2+ and CIN3+. However, one drawback is the lower specificity, in particular among younger women where HPV infection usually is transient. A wide spread of accuracy estimates is observed in certain developing countries, possibly explainable by variability in the reference standard. Further variation is observed according to the intensity of verification and methods to adjust for verification bias [2, 41] .
The higher cross-sectional sensitivity of hrHPV testing for detecting CIN2+ and CIN3+ provides insufficient evidence that HPVbased screening will decrease the incidence of cervical cancer more than cytology-based screening. Most CIN2 and CIN3 lesions clear and it cannot be excluded from cross-sectional studies that HPV tests just pick up more regressive disease. For, this reason, hrHPV-based cervical cancer screening has not been recommended yet in the 2 nd edition of the European Guidelines for Cervical Cancer Screening, considering evidence available in 2006 [42] . A significantly lower cumulative incidence of CIN3+, observed in the second screening round in women who were hrHPV-negative versus cytology-negative, at enrolment, was an anticipated condition to propose switching to HPV-based screening. Today, this type of evidence is available. In spite of the differences in design and management of screen-positive women, a significant reduction in the risk of CIN3+ and even of cancer was consistently demonstrated in the randomised trials that published second round outcomes, (see Fig. 7) .
A low cumulative incidence of CIN3+ and cancer associated with a negative hrHPV DNA test was also observed in screening cohorts (Fig. 8) . This risk was only slightly lower in women being co-test negative compared to those were hrHPV-negative but cytologypositive, suggesting that screening with only a hrHPV test without cytology offers similar protection. However, in hrHPV positive women, cytology clearly stratifies the risk for CIN3+ and cancer in a very high-risk group (17% CIN3+ and 1% cancer, over 5 years) and a moderately high-risk group (6% and 0.5%, respectively), underscoring the potential of cytology as an effective triage method in an HPV-based screening strategy [20, 22, 43] . Being hrHPV-positive was more predictive for CIN3+ over a 5-year period than ASC-US+ cytology in the Kaiser-Permanente cohort [22] . This finding may look peculiar, given the lower cross-sectional specificity of hrHPV testing but can be explained by the development of more new CIN3 lesions over time in hrHPV-positive compared to cytology-positive women [22] .
Besides cytology, genotyping for HPV type 16 or 16 and 18, combinations of HPV16/18 genotyping and cytology, or HPV retesting to detect persistent infections, also stratify the risk for CIN3+ and can be used in triage of hrHPV-positive women [20, [44] [45] [46] . The 10-year cumulative risk associated with HPV16, HPV18 or other high-risk HPV infection, among women included in the Portland study was 17%, 14% and 3%, respectively [47] . In the ATHENA trial, identification of HPV16 or HPV18 with the Cobas ® 4800 test showed similar sensitivity and PPV for CIN3+ (60% and 16%, respectively) as cytology at ASC-US+ cut-off (53% and 14%, respectively) to triage hrHPV-positive women [48] . Other candidate markers for triage, which could be considered, but for which evidence is currently still insufficient, are: testing for viral RNA of a limited number of types, p16INK4a immunocytochemistry or p16INK4a i67 double staining. Currently, no marker, or combination of markers, allow perfect reflex triage. hrHPV-positive women being cytology-negative or HPV16/18-negative must be kept under surveillance and invited for repeat testing. Additionally, HPV screening using a more specific test, such as the APTIMA RNA assay [49] or HC2 at a higher viral load cut-off [50] increases PPV with no or a small losses in cross-sectional sensitivity.
HC2, GP5+/6+, Cobas ® 4800 and the Abbott RT hrHPV PCR can be considered as clinically validated assays usable for primary HPVbased cervical cancer screening. As indicated in Tables 1 and 3 , and in Fig. 4 , several other hrHPV DNA tests may be sufficiently accurate but are not yet validated using the criteria of Meijer CJLM et al. [4] . Besides accuracy, other characteristics will also have to be taken in account in future choices of tests, such as high-throughput capacity, costs, applicability on samples taken by the woman, and the possibility to perform ancillary triage tests. The equivalence criteria based on relative cross-sectional accuracy [4] are not valid for other molecular markers (for instance over-expressed proteins or viral RNA). These markers should reach the same level of evidence as required for the original HPV DNA screening tests: the demonstration of lower cumulative incidence of CIN3+ after a baseline negative screening test result versus after a negative cytology or a similar cumulative incidence of CIN3+ compared to that seen after a negative result with a clinically validated hrHPV DNA test.
Conclusions
The evidence base supports the notion that hrHPV tests can provide an advantage in triage of women with equivocal cytologic lesions and in the follow-up after treatment of cervical precancer. However, in triage of LSIL, more specific tests are preferred. HPV DNA or RNA genotyping for a limited number of HPV types allow identification of women at highest risk, but women testing negative for these tests still will need further testing.
The evidence base indicates that hrHPV DNA testing with a clinically validated assay is more effective than cervical cytology in primary screening of women of 30 years and older and that screening intervals for HPV-negative women can be safely extended to at least 5 years. Reflex cytology and genotyping for HPV16 or HPV18 can be used to triage hrHPV-positive women. The possible advantages offered by HPV-based screening require a well organised programme with good compliance with screening and triage policies.
